• The importance of ventricular volume as one of the determinants of stroke output has led to the development of methods for measuring ventricular volumes in vivo, using either radiographic techniques 1 " 0 or applications of the indicator-dilution principle. 7 "™ The latter method requires the rapid injection of an indicator into the ventricle and registration of the resultant time-concentration curve immediately outside.
The rapid blood sampling necessary to prevent curve distortion by the catheter system, when using dye-dilution techniques, 14 is a major problem. Holt 9 " 11 overcame this difficulty by using hypertonic saline as the indicator and detecting changes in conductivity of aortic blood by means of a conductivity cell at the tip of a catheter passed directly to the root of the aorta. His reports prompted us to investigate the feasibility of the thermodilution method, using negative heat as the indicator, for the measurement of ventricular volumes.
Methods
Eighty-two determinations were performed in 14 . A no. 4F or 5F catheter, containing an ultra-small bead thermistor secured at its tip,* was passed from either a femoral or a carotid artery and positioned in the aorta just abovo the aortic valve. Leads from the thermistor were led through the catheter and connected as one resistance arm of a Wheatstone bridge. The excitation voltage for the bridge was 1.5 volts or less; its output was recorded either directly by a sensitive galvanometer in a Consolidated Electrodynamio Corporation recording oscillograph or into an Electronics for Medicine recorder. The time constant of the system in still water varied between 0.12 and 0.25 second, depending on the nature and amount of the cement substance used to secure the beads. No visible clot formation resulted with the bead mounted at the catheter tip. Equivalent resistance values from a variable decade resistance box were substituted for the thermistor to calibrate in vivo; the corresponding temperatures were read from a calibration curve previously constructed from readings obtained when a Beckman differential thermometer and the thermistor catheter were immersed in a water bath. The calibration curve was found to be essentially linear over the temperature range of the thermodilution curves recorded in this study when resistance was plotted against temperature ( fig. 1) . A short closed-end no. 6F or 7F catheter with multiple holes at the tip was inserted cither through the right carotid or a femoral artery into the left ventricle for injection purposes; in the second group of animals, injectate temperature was monitored by a second bead thermistor secured within the catheter lumen at the point at which the injectate emerged into the left ventricle, as suggested by Hosie. 15 The time constant of the thermistor bead recording injectate temperature was 0.05 second. Mean injectate temperature was obtained from the area under the temperature curve during injection ( fig. 2 ).
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FIGURE 1
Calibration of the aortic thermistor catheter in a water both reve(ds that the resistance varies in a linear fashion with temperature over the S}nall temperature range* involved in this study.
Left ventricular pressures were recorded either from the injection catheter immediately before an experimental run or from a separate no. 5F singlelainen Cournnnd catheter introduced through the other femoral artery and pnssed under fluoroscopic control into the left ventricle.
An injecting device, driven by compressed air and triggered by the electrocardiogram, was used for almost all injections. This contained a variable time delay circuit permitting injection of approximately 1 to 3 ml. of either room temperature saline or cooled autologous blood into the left ventricle to be initiated and completed within one diastole.* The total injection period was automatically recorded on the oscillographic record.
The ratio of end-systolic or residual volume to maximum or end-diastolic ventricular volume (ESV/EDV) was calculated as the ratio of temperature change from control at n+1 to that at n beat in accordance with the formulations of Holt. 0 Since the thermistors proved to have a linear re-'Constructed by the Research and Development Laboratory, University of California School of Medicine.
FIGURE 2
Thermodilution curve is obtained at the base of the aorta in a dog anesthetized with a chloralosetirethane mixture. The time-temperature curve shows a maximum 0.52 C. drop followed bit a stepwise return of temperature to the preinjection ralue. The injectate temperature, monitored as the rapidly injected cooled autologous blood emerge,? into the left ventricle, is recorded with opposite polarity. Mean injectate temperature is determined by planimeiry of the dotted triangle.
sponse to changes in temperature within this limited temperature range, the ratio was calculated from direct measurement of the deflections on the oscillographic records rather than by conversion to actual temperatures through calibration curves.
Stroke output was computed by the principle Holt used with the electric conductivity technique" and was applied to thermodilution as follows:
V SO = stroke output in ml. V, = injectate volume in ml. Pi and pj, = specific gravity of the injectate and blood, respectively. C, and C b = specific heat capacity of the injectnte and blood, respectively, initial blood temperature in C. mean injectate temperature in C. = the change in temperature, in C, between original aortic temperature and that present at the end of the beat denoted by the subscript. When the animal's own cooled blood was used ns injectate, C, pi equals C|,p b , and
The end-dinstolicvolume formula volume was calculated by the KDV =
SO

-ESV EDV
End-systolic volume represented the difference between EDV and SO. 
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Results
Figures 2 and 3 illustrate the results of a typical experiment in the two groups of dogs. Injection resulted in a peak aortic temperature drop of approximately 0.6 C. with the beat following injection. Temperature rose stepwise in an exponential fashion with the ensuing beats as aortic blood temperature returned to its previous level.
Beginning with the third beat after in-
• AT lm +l jection, successive ratios ot -j-=-were All,.! calculated from the thermistor curve. The directly calculated beat-by-beat ratios were found to remain nearly constant during each determination, indicating that the teinperature change was an exponential function. The average of all ratios calculated for each pair of successive heart beats was considered to represent the average left ventricular endsystolic to end-diastolic volume ratio (ESV/ EDV) for that determination. From one to 11 separate injections and recordings were made on each animal. The results of each of these determinations are presented as a frequency plot in figure 4 . The 
Ratios of left ventricular end-systolic volume to cnd-diaslolic volume for all determinations are tabulated. Clear separation of the values in the trco groups of normal dogs anesthetized with different agents is seen.
cantly lower in the (.•hloralose-urethane anesthetized dogs (P <0.001), averaging 66 per cent (S.D. = 8.2 per cent). As might be anticipated, there is even a closer agreement between repeated determinations in the same animal. When each determination is consid-ered as a per cent deviation from the mean value for that animal, the variations average 3.1 per cent (S.D. = 3.4 per cent) for the pentobarbital group and 4.2 per cent (S.D. = 3.6 per cent) for the dogs given the chloralose-urethane mixture. Average pulse rates in those animals under sodium pentobarbital anesthesia varied from 104 to 210, with a mean of 166 beats per minute; the other animals had a mean heart rate of 143 (range 106 to 202).
Discussion
Thorpe and Grodins, in a preliminary report, found the end-systolic volume (ESV) to average 76 per cent of the end-diastolic voliune (EDV) in the open-chest anesthetized dog, using thermocouples in the aorta to register thermodilution curves. 10 Holt, using the conductivity method, obtained a ratio of 75 per cent in a series of dogs with heart rates averaging 163 beats per minute." In a second series of dogs in which the average heart rate was but 79 beats per minute, he found the ratio decieased to 54 per cent.
Our results also indicate that in anesthetized dogs, under the conditions of these experiments, the left ventricle ejects less than Circulation Research, Volume XI, November 1002 one-half its maximum diastolic volume. The high value of 79 per cent for the mean ratio of ESV/EDV for the left ventricle of the first group of dogs most likely reflects the fast heart rates and probable myocardial depressant effects of the barbiturate anesthetic. The average ratio of 66 per cent for ESV/ EDV in the chloralose-urethane group was significantly lower (P <0.001). Although these animals had a slower heart rate as a group, there were three dogs (nos. 3, 12, and 14) whose rates matched the fastest noted in the barbiturate group. Furthermore, the slowest rate was observed in a dog anesthetized with sodium pentobarbital (dog A). Nevertheless, only one of the !!9 animals in the chloraloseurethane group had an ESV to EDV ratio greater than 76 per cent (dog no. 2) compared to 9 of the 14 animals in the other group ( fig. 4 ). It would appear, therefore, that rate differences alone are insufficient to explain the variation in ESV to EDV ratios observed in the two groups.
This observation, that the dog given sodium pentobarbital in standard dosage must fill his left ventricle to a greater extent than one given standard amounts of ehloralose-urethane in order to achieve the same stroke output, implies a less effective myocardial contraction. Presumably, this results from a direct depressant effect by barbiturates on the myocardium. 17 It should be noted, however, that left ventricular end-diastolic pressure is not abnormal (table 1).
The actual volume of blood which these ratios represented were not calculated for the barbiturate group since the injectate temperature was not recorded. The values for the chloralose-urethane group were determined and are listed in table 2. These volumes are generally in the range found by Holt, using the conductivity method. 0 The left ventricular ESV to EDV ratios in the intact dog observed in this and other studies using indicator-dilution techniques 0 ' n, 10 are consistently greater than 50 per cent. Similar results have been observed in several other species, 18 including man. 13 In contrast, studies reported by workers using angiocardio-Circulation Rotearch, Volume XI, November 196t AO. TEMP.
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Injection has resulted in a single ventricular premature beat whwh has failed to open the aortic valve. The thermodilution curve, therefore, does not begin until the following beat. graphic methods, both in man and dog, 8 ' "• °s how a residual volume fraction consistently lower. A proven explanation for these differences is presently unavailable. We believe that the transient profound circulatory effects of hypotension and bradycardia, known to accompany the intracardiac injection of radiopaque dyes, 0 ' 10 may play an important role. Both hypotension and bradycardia would be expected to favor greater ventricular emptying at a given end-diastolic volume.
Examination of table 2 reveals a good linear relationship between left ventricular ESV and EDV. The correlation coefficient, r. is equal to +0.99; a linear equation fitted by the method of least squares is ESV = 0.75 EDV -4.3. Since SO = EDV -ESV, a comparably good correlation would be expected between SO and EDV, and this was also observed (table 2) . Similar correlations have also been observed by Holt. 0 ' 1S
The major theoretical objection to this method is the possibility of heat exchange between cooled blood and surrounding structures during the time between ventricular injection and aortic detection. The rate of heat diffusion depends upon the area available for heat transfer, the blood and tissue thermoconductivity, the thickness of the myocardium, and the temperature gradient across the tissues. In the ease of the left ventricle, the volume of blood in contact with the sur-808
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face of the endocardium is relatively small compared to the total ventricular volume, in contrast, for example, to the situation in capillaries. Despite the relatively disadvantageous situation in the pulmonary capillaries, the use of the thermodilution method for measurement of cardiac output following pulmonary artery injection and arterial sampling has proven reliable in comparison with other standard techniques," indicating that the loss of "indicator" from the system even in this more adverse situation is negligible. Again, in this experiment, the time of contact between cooled blood and the ventricular wall is quite short because a significant fraction of the blood is expelled with each beat and, in fact, the time-temperature curve is recorded over a span of only a dozen heart beats. Thus, the time available for temperature transfer is short. Finally, warm blood entering from the atrium with each beat decreases the blood-tissue temperature gradient and would favor retransfer of whatever heat has left the walls to enter the bloodstream, once again to re-enter the Avails. In a sense, this represents re-entry of lost indicator back into the circulation. Aside from these theoretical considerations, the exponential washoats observed in each experiment suggest that temperature loss is negligible.
Calculations of the ratio of temperature change at n+1 to n beat Avere usually not begun before the third beat. There are several reasons for not using the first two beats. First, the possibility exists that in some experiments, injection Avas not completed during; one diastole but may have overlapped into the succeeding systole. Secondly, it has been shown 8 ' 25 that ventricular mixing following A'entricular injection may be initially poor. However, it has been pointed out by Irisawa et al. 25 that complete ventricular mixing is obtained in over 75 per cent of cases Avithin three beats after injection. Thirdly, although the thermistor response time is short, the lag in response may impose a certain distortiou on the inscribed temperature-time curve in animals Avith rapid heat rates. Since the initial temperature response is opposite in direction to the subsequent temperature response, an artifaetual ratio can exist if the first two beats are used. Thereafter, since the temperature function being measured is exponential, any distortion produced by an excessive time constant is matched by a proportional distortion of each subsequent beat. Therefore, the ratio of temperature change at n+1 to n beat Avill be identical to that which would be present, had the system an instantaneous response. In other words, by measuring only those beats after the first two, one largely overcomes problems of injection, mixing, and response time. Figure 5 illustrates another reason for using later than initial beats to calculate the BSV to BDV ratio. Injection may produce a ventricular premature beat. There is no measurable output with the premature beat, and the following beat will result in a stroke output greater than normal. Any calculations using this beat for determining the ratio of temperature change at n+1 to n beat would not be representative of the steady-state situation. However, after seA'eral beats, a steady state is once again established, and calculations of the ratio using later beats are believed to be valid.
The thermodilution method appears to offer distinct advantages over preA'ious methods for measurement of A'entricular volumes. There is negligible recirculation when heat is used as the indicator, so that the exponential downstroke of the curve is not materially affected. Furthermore, repeated determinations can bo performed without indicator accumulation. The injection of small amounts of room temperature saline or cooled autologous blood seems relatively innocuous compared to the intracardiac injection of radiopaque dyes. Tt is possible to record from the root of the aorta without the necessity of removing large quantities of blood, as is the case if A'alid results are to be obtained Avith the dye method and rapid catheter sampling.- 14 Finally, in contrast to the saline conductivity method, calibration is simple and essentially linear with the thermodilutiou method and avoids
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Summary
Thermodilution was used to estimate left ventricular volumes by the indicator-dilution principle. The results of multiple determinations in the same animal were in close agreement. Average values determined in 16 dogs anesthetized with a chloralose-urethane mixture were SV 18 ml., ESV 37 ml., EDV 56 ml., and CO 2.54 L./min. The ratio ESV/ EDV averaged 66 per cent, which was significantly less than the ESV to EDV ratio of 79 per cent observed in 14 other dogs anesthetized with sodium pentobarbital and studied in a comparable fashion. This difference was attributed primarily to the myocardial depressant effects of the barbiturate anesthetic.
The ability to perform multiple determinations without "indicator" accumulation, to record the time-temperature curve directly at the base of the aorta without sampling through a catheter system, to avoid introducing substances into the circulation which may produce significant circulatory effects, and to perform calibration quickly and easily suggests that the thermodilution technique offers a simple, rapid, and reproducible method for estimating ventricular volumes.
